Protein-A chromatography is the most widely used chromatography step in downstream processing of antibodies. A deeper understanding of the influence of the surface topology on a molecular/nanoscale level on adsorption is essential for further improvement. It is not clear if the binding is homogenous throughout the entire bead network. We followed the protein absorption process and observed the formation of a protein layer on fibers of chromatography resin in a time-resolved manner in nanoscale. To characterize the changes in the antibody-protein-A ligand complex, small angle X-ray scattering was employed using a miniaturized X-ray-transparent chromatography column packed with a MabSelect SuRe resin. Antibody-free MabSelect SuRe resin fiber had an average radius of 12 nm and the protein layer thickness resulting from antibody adsorption was 5.5 and 10.4 nm for fiber and junctions, respectively under applied native conditions. We hypothesize that an average of 1.2 antibodies were adsorbed per protein-A ligand tetramer bound to the outermost units.
INTRODUCTION
Although protein-A affinity chromatography is the most commonly employed method for the purification of antibodies, the adsorption process on the nanoscale is yet not well understood. Previous models rely on the crystal structure of the protein-antibody complex [1] [2] [3] [4] , or the amount of adsorbed antibody from bulk solution [5] . However, direct empirical methods such as comparison of the sensors signals before and after chromatography column [6] [7] [8] [9] . This leaves the structural changes inside the chromatography column, where the actual process happens which is unclear, thus creating "missing link".
Full-length protein-A from Staphylococcus aureus is composed of five homologous binding domains [10] ; however, to improve its selectivity and alkaline stability, protein-A ligands used in chromatography are made from engineered domains (most popularly derived from the B-domains or the C-domain) [11] immobilized on chromatographic supports, such as agarose or hydroxylated methacrylic polymer [12] .
Protein layer thickness refers to the amount of protein adsorbed at a solid surface and it's positioning towards it, and has been the subject of numerous studies in the last five decades [13, 14] . However, for more complex systems, such as protein-A chromatography resin, in which antibody is adsorbed to the surface via ligand-mediated interactions, the applicable research methods are greatly limited. Mazzer et al. [15] proposed neutron reflectivity measurements to probe the protein-A-antibody complex arrangement at the solid-liquid interface. However, they immobilized protein-A ligands on the silicon surface, compromising the native state of the chromatography bead backbone and performed the experiment in batch mode. Also other methods used for the structural determination of protein-surface interactions require a sample pretreatment resulting in non-native process conditions as described in the review by Rabe et al. [16] .
In the present study, we followed antibody layer formation in situ and their adsorption and desorption kinetics on a protein-A chromatography resin during a typical purification run. We used MabSelect SuRe (GE Healthcare), a popular protein-A chromatography resin, as the model system and small angle X-ray scattering (SAXS) as the probing method. Cross-linked, porous agarose beads 85 μm in diameter are characterized by a rigid, high-flow backbone matrix and a tetrameric ligand of synthetically engineered B-domains, called Z-domain, immobilized via short linkers [16, 17] . From equilibrium binding capacity and ligand density it was derived that on average 3.3 antibody molecules are bound to one MabSelect SuRe protein-A ligand [5, 18] .
SAXS is a powerful technique for probing the structural properties of materials on the nanoscale and ideally suitable for non-destructive in-solution experiments. The technique is based on elastic scattering of X-ray photons by electrons, which provides information about fluctuations in electron density within illuminated sample volumes. The use of brilliant synchrotron radiation facilities allows time-resolved studies on versatile materials, making it an excellent tool for investigating the development of protein layer thickness and its kinetics under native chromatography conditions [19] .
SAXS is routinely applied to study conformational changes to the proteins directly after elution from the column in HPLC-SAXS modes [20] like HIC-SAXS [21] , SEC-SAXS [22, 23] as well as to study structure of porous materials often with the combination of other structural characterization methods like SEM [24] . However, the method to follow the adsorption process in situ in the column by SAXS opens up a new avenue to deeper investigation of all modes of chromatography.
Materials and methods

Materials
For protein-A chromatography, an agarose-based resin (MabSelect TM SuRe TM , GE Healthcare) was used. The model protein used for this investigation was 13 mg/mL Herceptin® (Trastuzumab-humanized IgG1) solution from Roche dialyzed into running buffer (0.01 mM phosphate buffer with 150 mM NaCl, pH 7.4). The quality of the antibody solution was assessed on SEC column (Supporting Information Figure S1 ). No dimerization of protein solution was observed. Sodium phosphate dibasic, sodium dihydrogen phosphate, sodium chloride, and glycine-HCl were purchased from Merck Millipore.
Chromatography column for in situ SAXS
A miniature chromatography column was built in our laboratory for simultaneous chromatography runs and in situ characterization by SAXS (Figure 1) . The column resembled a conventional HPLC column, a cylinder filled with a stationary phase closed with a frit at the bottom. A capillary (Hilgenberg-mark tube from quartz glass) with 1.5 mm diameter and 10-μm thick glass walls to reduce the absorbance of X-rays was glued into a metal housing for protection. A gap in the metal housing allowed undisturbed passing of photons. The SAXS column was connected to an ÄKTAprime plus chromatography system via HPLC connectors for flowthrough experiments and placed in the incident X-ray beam for in situ measurements. A 280 nm UV signal was collected downstream of the column. The resulting UV chromatographs were time-corrected based on the additional volume between the column and UV sensor.
Protein-A chromatography run
The chromatography run included equilibration of the SAXS column with running buffer (0.01 mM phosphate buffer with 150 mM NaCl, pH 7.4), injection of 4 mg of monoclonal antibody standard solution from the loop to oversaturate the column, washing off unbound free antibodies, and a subsequent elution step with 0.1 M glycine buffer (pH 3.5). A constant flow rate of 0.1 mL/min was applied throughout chromatography run. Both conductivity and UV 280 nm signal were collected (Supporting Information Table S1 ).
In situ X-ray characterization
In situ on-line characterization of the protein-A chromatography process by SAXS was performed at the European Synchrotron (ESRF, Grenoble, France), beamlines BM26B [25] , and BM29 [26] . Scattering images with an exposure of 1 s were collected every second throughout the protein-A chromatography purification process using a 2D detector (Pilatus 1 M) at a photon energy of 12 keV (λ = 1.033Å) and sample to detector distance of 5 m. The 2D images were further processed using an ESRF integrated data reduction system to obtain plots of the intensity dependence on scattering vector q, defined as = 4π sin(θ)∕λ, where 2θ is the scattering angle. The q range used for data evaluation was trimmed to 0.03 to 1.83 nm −1 to exclude noisy data. Subsequent data processing and model fitting was performed in Mathematica 11.2 [27] . Measurements were repeated several times to ensure reliable results, in particular since the signal from the resin was superimposed on the signal from the protein layer. The same data features were reproducibly found throughout all scattering measurements, thus allowing the extraction of subtle changes. From all measurements performed, only one typical set is presented in this manuscript. Results from multiple experiments are available in the Supporting Information Figure S2 .
SEM of agarose
In order to visualize the inner structure of the agarose network in MabSelect SuRe resin, a modified drying protocol was applied [28] . Agarose beads were transferred into 2.3 M sucrose solution, which worked as a cryoprotectant, and flash-frozen using liquid nitrogen. A solid bead drop was then cut using an MT-990 Motorized Precision Microtome from RMC Boeckeler equipped with a tungsten carbide knife. The 30-μm-thick bead slices were collected and dehydrated in graded ethanol series prior to drying with CO 2 solution using a Critical Point Dryer Leica EM CPD030. The resulting dried agarose bead slices were transferred to an aluminum slab and sputter coated with an Au layer approximately 4 nm thick prior to visualization using the Scanning Electron Microscope Quanta TM 250 FEG from FEI under high vacuum conditions.
RESULTS AND DISCUSSION
Protein-A chromatography and in situ SAXS
Protein-A chromatography was performed with a miniature column built in our laboratory for simultaneous chromatography runs and in situ characterization by SAXS. A flow experiment was chosen over regular batch study, as it ensures a constant amount of resin within the illuminated volume of Xray beam throughout the chromatography run. Such approach guarantees that the observed changes in the scattering profiles are exclusively caused by introduced protein or its interactions with chromatography resin. Moreover, flow experiments allow studying not only adsorption phenomenon like in batch mode, but also the desorption strengthening our understanding of the whole process. Scattering profiles representing structural changes inside the chromatography column were recorded every second in situ throughout the protein-A chromatography run using SAXS. The product was characterized by a UV sensor further downstream in order to correlate the chromatogram with the SAXS results. To ensure protein saturation of the resin binding sites within the SAXS column, the capacity of the resin at given conditions and flow rate was exceeded, which was represented as a sharp peak in the UV data phase called "wash" (Figure 2A ). Note that the amount of protein absorption achieved in this way may be different from the maximal possible amount that is calculated from the isotherm at equilibrium conditions, but corresponds to the maximum under the given circumstances, as it would occur in an industrial process. Free, unbound antibodies present in the column were washed off using running buffer to ensure that only bound protein and the resin contributed to the scattering profile at this stage of the protein-A run. Elution of the bound protein from the protein-A resin was achieved by lowering the pH on the column to disrupt the affinity of antibodies towards protein-A ligands.
In Figure 2B , representative SAXS curves (the same for multiple performed experiments) are shown for the antibodyfree MabSelect SuRe taken from the "injection" or "regeneration" phase and the corresponding saturated resin from the "wash" and "elution" phases before the elution peak. The shoulder present at q = 0.2 nm −1 representing resin feature (blue curve) clearly moves to a smaller q during saturation (orange curve), indicating an increase in the analyzed system size according to the reciprocal nature of Bragg's law. Furthermore, the intensity at the higher q (q = 0.6 nm −1 ) becomes stronger during protein loading. Antibodies have a radius of gyration of roughly 5 nm [29] , which leads to a SAXS signal in this region. Therefore, we attribute this part of the SAXS curve to the presence of antibodies and denote it in the figure as an antibody peak. In contrast, the shoulder at the lower q is also present without protein and attributed to the resin (with and without bound protein).
SAXS parameters reflecting protein adsorption
In addition to the qualitative changes in the SAXS curve upon protein adsorption and elution, quantitative parameters have to be extracted from different parts of the SAXS curve to follow the structural changes during purification.
Dimensionality
At very low q, decay of the SAXS curve is given by the dimensionality of the scatterer: ( ) ∼ − , where D corresponds to 0 for spheres, 1 for rod-like scatterers, and 2 for plate-like scatterers. In a double logarithmic plot, D is given by the slope of the curve ( Figure 2B ). The slope changes from 1.6 in the antibody-free resin to 2 in the saturated resin, which corresponds to a change from slender to thicker fibers and is in good agreement with the actual structure of MabSelect SuRe.
Correlation length estimate
The parameter that qualitatively describes structural changes as an estimate of the intensity-averaged electron density fluctuations throughout illuminated sample volume is l CH * (Eq. (1))
where l CH * is the mean correlation length estimate and Q is the invariant.
Unlike the radius of gyration determination, which requires fitting according to Guinier's approximation, the correlation length is calculated based on the integral of the scattering profile and thus is less sensitive to noisy data [30, 31] . Moreover, in contrast to the Guinier approximation, evaluation of the correlation length does not require the sample to be dilute.
Fractal dimension and surface roughness
The higher q portion of the scattering curve (qR > > 1) is generally determined by Porod's law, according to which the scattered X-ray intensity decreases with q −4 for smooth 3D objects, but the exponent can also deviate from 4 in the case of a volume or surface fractal. The antibody-free resin has an exponent close to 4, which then approaches 3.5 during protein adsorption. Surface fractals have values between 3 and 4, which clearly indicate increased surface roughness. The q 
Time evolution of SAXS parameters
All of the above SAXS parameters were quantitatively evaluated at each time point during a protein-A chromatography run using Mathematica software [27] and could be exactly correlated with the purification steps by simultaneous UV analysis (Figure 3 ). Both SAXS parameters and UV signal clearly responded to the process of loading antibody solution on the column and reached a plateau as soon as the resin was saturated. Since the amount of the chromatographic resin within a column is constant in time, all the changes in fitted SAXS parameters have to be caused by loaded and discharged protein solution or its interactions with the resin. This assumption is also validated by the fact that all of mentioned parameters come back to their initial values after the protein elution.
The saturated resin SAXS signal after the "wash" phase is characterized by plumper resin fibers (higher dimensionality) with longer correlation length (larger l CH * ). Notably, the dimensionality and correlation length, although extracted from different features of the SAXS curve, proceed in parallel throughout the chromatography process, confirming the evolution from slender to plumper fibers via adsorption of protein. Therefore, the development of l CH * is attributed to the presence of an antibody layer on top of the chromatographic resin.
The fractal dimension sharply decreases after injection, which corresponds to an increasing surface roughness in the saturated resin, and reaches a plateau in parallel with the other parameters. After elution of the bound antibodies from the SAXS column, all parameters gradually returned to their initial values. The final scattering profile after regeneration of the MabSelect SuRe resin with the running buffer resulted in a signal identical to the initial signal (χ 2 = 0.01), indicating that the system fully recovered and was ready for the next chromatographic run.
Therefore, we have shown with a simple fitting routine that we can follow the protein-A purification process in situ using SAXS as a probing method. Moreover, the method allowed us to identify and initially characterize structural changes in the system due to adsorption and also desorption phenomena using the "model-free" approach that is independent of the detailed structure of the analyzed system and requires no data modeling.
Note that due to the relatively low concentration of monoclonal antibodies in the bulk solution (and the low X-ray contrast of protein with respect to water), the main signal comes from the resin in the beam and the monoclonal antibodies tightly packed to it. It contributes to the scattering profiles so much that it completely overshines the signal from the freely floating monoclonal antibodies (see also Supporting Information Figure S4 ).
Protein layer thickness
As the analysis of general SAXS parameters allows us to follow adsorption processes in a time-resolved manner by applying a simple fitting routine, quantitative information on layer thickness and its development depend on the resin structure and, therefore, requires the use of a structural model. Thus, we studied the morphology of the virgin resin using SEM. Images were recorded on cryo-cut beads clearly showing the agarose internal network ( Figure 4A ).
Structural analysis of resin
For further analysis, a semi-automated algorithm for SEM image processing was applied to obtain a general overview of size distribution within the internal structure of the MabSelect SuRe agarose network. First, the SEM image from MabSelect SuRe was binarized and processed (erosion, Gaussian filters) to visualize the strands and junctions in the first plane of the picture. Next, circles were automatically assigned for the binarized features with diameters corresponding to the locally longest Euclidean distances between "no data" points. The histogram of all radii within an analyzed image ( Figure 4B ) represents the normalized distribution of all feature radii between 3 and 70 nm (1 nm bin width). Roughly two populations were identified: the peak at ∼11 nm attributed to the mean fiber thickness, and the broader peak centered at ∼30 nm attributed to junctions between strands. The results are biased by the applied analytical method and some of the values may be overpopulated due to the irregularity in their shape. 
Broken rod model
The internal structure of the MabSelect SuRe agarose backbone can be approximated by the so-called broken rod model [32] based on a system consisting of long agarose fibers approximated with infinitely long cylinders characterized by the cross-sectional radius R 1 and cross-linked junctions with radius R 2 ( Figure 5 ). The scattered intensity is then given by I(q) (Eq. (2)).
Where k i denotes the relative weights of cylinder radii R 1 and R 2 , and J 1 (x) is the Bessel function of the first kind for infinitely long cylinders (L > > R). Assuming a distribution of R 1 and R 2 about a mean value, we obtain Eq. (3).
Where G(x) is the normal distribution of each radius separately as determined in Eq. (4):
Where μ i is the mean of the distribution and σ i 2 is the variance.
Although the broken rod model is certainly idealized, it has already been applied successfully to analyze the gelation process of polysaccharide gels, such as alginate [33] [34] [35] or sorbitol [36] , to obtain insight into the kinetics of gel formation and structural information about fiber diameter throughout the process. The model assumes that infinitely long agarose strands of characteristic diameter are interconnected, creating nodes of different thickness denoted as junctions and, therefore, approximated as two populations of rigid cylinders ( Figure 5 ). Similar models built on polydisperse cylinders were also used for other agarose-based chromatographic materials characterization using small angle neutron scattering [37] . The broken rod model, however, demonstrated a superior fit to experimental data ( Figure 6A ) (a comparison to other models is shown in the Supporting Information Table S2 and Figure S5 ).
Protein layer thickness
The broken rod model was used to quantitatively evaluate the evolution of resin strand and junction thickness during adsorption and desorption in the chromatography run. According to the broken rod model, the antibody-free MabSelect SuRe resin is characterized by an average cylinder radius of 11.8 and 28.6 nm for agarose strands and junctions, respectively for all performed measurements, which is in a good agreement with both the literature [28] and visual examination of SEM micrographs ( Figure 4A ). Upon saturation of the chromatographic resin with an antibody solution, as indicated by the first peak in the UV spectrum (Figure 2A ), the agarose strand radius increased 250 s after the protein injection, and then plateaued until protein elution. The difference in the values between antibody-free and saturated agarose strands of 5.5 nm (Table 1 ) was attributed to so-called protein layer thickness, an important mechanistic parameter that could potentially indicate a change in the conformation of the adsorbed protein or in the protein orientation within the layer. The resulting protein layer thickness for junctions was calculated as being almost twice as long. The difference in protein layer thickness for strands and junctions could be explained by a steric hindrance effect in which cross-linked strands block certain positions of the antibody-protein-A complex, promoting antibody binding to protein-A ligand units further away from the surface of junctions. As presented in Figure 6B , values for the strand and junction radii gradually return to their initial values due to subsequent elution steps. Therefore, performing measurements in flow instead of batch mode, we not only F I G U R E 7 Structural interpretation of protein layer thickness development throughout the protein-A chromatography run. Protein-A ligand tetramers (in red) are attached to the agarose strand (orange). All entities are in scale to facilitate size comparison assessed native process conditions, but also examined both adsorption and desorption structural changes on nanometer scale. The broken rod model readily provides insight into the protein layer thickness and its kinetics in the MabSelect SuRe resin system. The model also allows speculation about the structural changes within a very complex system. We suggest the following structural interpretation of the protein layer thickness results (Figure 7 ). Agarose strands (11 nm mean radius) are grafted with protein-A tetramer ligands, which have a length of approximately 10 nm when stretched (single unit of Staphylococcus aureus protein-A has a length of 3 nm, Protein Data Bank:1BDD [38] ). According to the broken rod model, the radius of antibody-free MabSelect SuRe strands is 11.8 ± 3.1 nm; thus, protein-A ligands contribute only slightly, if at all, to the strand thickness derived from the SAXS scattering profile. A possible explanation would be a relatively low spatial grafting density of protein-A ligands on top of the agarose strand surface. Moreover, a high degree of ligand flexibility can smear the protein-A contribution to the resulting SAXS scattering profiles. When saturated, the MabSelect SuRe strand radius increases to 17.3 ± 5.0 nm. The resulting protein layer thickness is caused by the attachment of antibody moieties to protein-A ligand units via Fc-mediated binding, which stiffens their structure. Knowing the amount of protein adsorbed (the elution peak area from the chromatograph), the binding capacity is calculated to be ∼35 mg of antibodies per milliliter of MabSelect SuRe resin. Taking into account molecular weights of 150 and 26.7 kDa for monoclonal antibody and protein-A ligand, respectively, we estimate 1.2 molecules of antibodies bound to each protein-A ligand tetramer (taking 5.6 mg of protein-A ligand per milliliter of MabSelect SuRe resin) [39, 40] . Therefore, we conclude that there are ten possible binding configurations for one or two antibodies in complex with protein-A ligand, which explains the slightly greater distribution of sizes for agarose strands when saturated with antibodies. The resulting protein layer thickness of 5.5 ± 5.9 nm is well below the average diameter of IgG1 protein (11.5 nm, Protein Data Bank:
The distribution indicates that there are places on agarose strands at which no protein is present, up to a protein layer thickness of approximately 12 nm, matching the width of IgG. Potentially, the above consideration would suggest that antibodies are positioned in proximity to and facing the agarose fiber surface, so that we are probing the thickness and not the length of the antibody. However, the significant size distribution of protein layer thickness derived from the additive nature of combining distributions ((σ z ) 2 = (σ 1 ) 2 + (σ 2 ) 2 ) would also allow other configurations with antibodies positioned side-on close to the surface, but tilted, though there is a lower probability of their occurrence. To position antibody parallel to an agarose strand in proximity of the surface, the antibody-protein-A complex has to possess high bending and rotation freedom, which would only be possible if the antibody is bound to the outermost units of a protein-A ligand tetramer. Similar observations were made using neutron reflectivity to measure protein-A-antibody complex distance on a silica surface [15] ; Mezzer et al. suggested that two IgG molecules are bound to a protein-A tetramer ligand with "a somewhat skewed orientation and close proximity to the silica surface". They also concluded that antibody was bound to the protein-A ligand tetramer domain in a side-on to tilted orientation further from the silica interface. Having similar conclusions to ours, the work of Mezzer et al. strengthens our reasoning, especially as they worked in the idealized and therefore easier to characterize environment in batch mode with protein-A ligands immobilized on silicon wafer instead of native chromatography resin under flow conditions.
The nature of junctions is harder to decipher, as they are less consistent in shape and size and we do not know if the protein-A ligand grafting density is the same as for strands. Thus, junctions have a considerable size distribution of 28.7 ± 8.1 nm, which is even higher when junction ligands are saturated with antibodies (39.1 ± 11.2 nm). Therefore, the protein layer thickness for a junction is 10.4 ± 13.8 nm, approximately twice as thick as strands. The above data are suggestive of a different profile of the antibody-protein-A ligand complex structure for many ligands available on the surface of junctions compared to those on strands. Some of the ligand units may not be available for antibody binding due to a steric hindrance effect of cross-linking strands blocking likely more energetically favorable binding sites, which would explain different sizes and the substantial size distribution of junction protein layer thickness.
A SAXS investigation on the similar agarose-based chromatography resin was reported by Koshari et al. [38] , where they investigated among others SP Sepharose FF resin using neutrons. SP Sepharose FF is a cation exchanger resin based on 4% cross-linked agarose like the backbone of MabSelect SuRe resin, therefore one would expect similar scattering profiles and subsequent structural parameters for both of them. However, both the applied methodology and results show significant discrepancies between our work and Koshari's. Koshari used polydisperse cylinder model resulting in mean cylinder radii of around 1 nm reasoning it to be a rigid single or double helices from agarose within strand, whereas with the broken rod model we obtained a strand radius of almost 12 nm, which is in hand with literature and SEM investigation. Moreover, within the broken rod model we assumed not only infinitely long cylinders instead of artificially setting them to 1000 nm in length, but also used two populations of cylinders to account for junctions which played important role in the architecture of cross-linked agarose beads. This resulted in a better fit of the model to the data as visually compared to fits reported in Koshari's paper and more consistent results of strands and junctions' radii. It should be noted, however, that Koshari et al. did their study with SANS, while ours was performed with SAXS; therefore, the different size of the observed resin fibrils/strands might be due to the different contrast for neutrons and X-rays, in particular since they used D 2 O as a solvent, thus potentially enhancing the contrast between individual fibrils (single or double helices) within a single resin strand.
Irrespective of the applied model, the agarose network with its stands and junctions exhibit a quite distinctive surface topology with two different adsorption sites showing layers of different thickness. The developed methodology could be applied to any other chromatography method such as IEC, hydrophobic interaction or multimodal chromatography with stationary phase based on agarose backbone.
CONCLUDING REMARK S
Using a simple fitting routine without any further modeling can follow the structural changes occurring in situ in a miniaturized chromatography column. An entire chromatography run from equilibration, through loading and washing, to elution can be observed in situ under native conditions using SAXS as a probing method. Moreover, based on the SEM micrographs, we created a model allowing us to characterize the internal structure of the MabSelect SuRe agarose network with infinitely long cross-linked cylinders of characteristic thickness representing strands and junctions within the system. We monitored the development of the radii of these cylinders throughout a protein-A chromatography run and found that the agarose strands have an average radius of 11.8 nm, while upon saturation with antibodies the difference was identified as the protein layer thickness (5.5 and 10.4 nm for strands and junctions, respectively). Based on the information on the system's components and parameters, we hypothesize that an average 1.2 antibodies are bound to each protein-A ligand tetramer. Most likely, they are bound to the outermost units within tetramer ligands from the agarose surface and the whole complex is parallel to the surface in its proximity, where we probed the antibody thickness in side-on or tilted orientation. 
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